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Abstract 

Efforts to improve the quality of in vitro matured oocytes by blocking germinal vesicle breakdown (GVBD) and allowing 
more time for ooplasmic maturation have achieved little due to a lack of knowledge on the molecular events during GVBD 
blocking. Such knowledge is also important for studies aimed at regulating gene expression in maturing oocytes prior to 
GVBD. We studied species difference and signaling pathways leading to the carrying-over effect of GVBD blocking on post- 
blocking meiotic progression (PBMP). Overall, GVBD-blocking with roscovitine decelerated PBMP of mouse oocytes but 
accelerated that of pig oocytes. During blocking culture, whereas cyclin B of pig oocytes increased continuously, that of 
mouse oocytes declined first and then increased slowly. In both species, (a) whereas active CDC2A showed a dynamics 
similar to cyclin B, inactive CDC2A decreased continuously; (b) when oocytes were blocked in blocking medium containing 
cycloheximide, PBMP was decelerated significantly while cyclin B and active CDC2A decreasing to the lowest level; (c) 
whereas sodium vanadate in blocking medium reduced PBMP, epidermal growth factor (EGF) in blocking medium 
accelerated PBMP significantly with no effect on cyclin B levels. In conclusion, the EGF signaling cascade accelerated PBMP 
by promoting the pre-MPF (M-phase-promoting factor) to MPF conversion during GVBD blocking with roscovitine. The 
significant difference in PBMP observed between mouse and pig oocytes was caused by species difference in cyclin B 
dynamics during blocking culture as no species difference was observed in either pre-MPF to MPF conversion or the EGF 
signaling activity. 
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Introduction 

The developmental capacity of in vitro matured oocytes is 
markedly lower than that of their in vivo matured counterparts 
[1,2]. Increasing evidence demonstrates that oocyte quality 
depends on the events before germinal vesicle (GV) breakdown 
(GVBD), suggesting that the oocyte must accumulate the 
appropriate information for meiotic resumption, fertilization and 
embryo development before chromosome condensation [3]. Thus, 
in vivo, oocytes acquire cytoplasmic maturity after a long series of 
preparatory processes involving transcription and translation of 
transcripts during the meiotic prophase [4,5], whereas in vitro, a 
premature GVBD without adequate cytoplasmic maturation is 
induced by transfer of oocytes from follicles into culture medium. 
To improve the quality of in vitro matured oocytes, attempts have 
been made to increase the ooplasmic maturation by temporary 
inhibition of meiotic resumption [6-8] . However, little has been 
achieved in this area; the best inhibition protocols developed so far 
could only avoid compromising, not to mention improvement on 
oocyte developmental potential [9,10]. Therefore, meticulous 



studies are needed to explore the molecular events during GVBD 
inhibition to establish an efficient inhibition system for the 
improvement of ooplasmic maturation. Furthermore, many 
procedures aimed at regulating gene expression of maturing GV 
oocytes such as gene knockdown or over expression and RNA 
interference often involve oocyte culture with meiosis arrested, and 
such procedures will definitely benefit from knowledge on the 
molecular events during GVBD blocking. 

A carrying-over effect on meiotic progression has been observed 
following drug inhibition of oocyte GVBD in different species. For 
example, porcine oocytes treated with roscovitine underwent an 
accelerated meiotic progression after removal of this meiotic 
inhibitor; the oocytes reached the Mil stage faster than untreated 
control oocytes [10]. The GVBD of bovine oocytes were also 
accelerated after treatment with butyrolactone I or roscovitine for 
GVBD blocking [9,11]. However, our previous study [12] and 
unpublished dada have indicated that the meiotic progression of 
mouse oocytes is decelerated after GVBD blocking with either 
cycloheximide or roscovitine. The mechanisms for this species- 
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Figure 1. Nuclear progression of mouse oocytes following GVBD blocking for different times with roscovitine. Each treatment was 
repeated 3 times and each replicate contained some 20 oocytes. CX: Oocytes that had been blocked with roscovitine for 1 2 h were further treated for 
12 h with roscovitine plus CHX to inhibit protein synthesis, a-e: Values without a common letter in their bars differ (P<0.05). 
doi:1 0.1 371 /journal.pone.01 03838.g001 



related carrying-over effect of GVBD inhibition are unknown, but 
may suggest different pathways of metabolism and/ or signaling 
during inhibition. Thus, work on this issue will definitely 
contribute to our understanding of the molecular events during 
GVBD inhibition. 

A large body of evidence has demonstrated that the M-phase 
promoting factor (MPF) plays a key role in the resumption of 
meiosis. The MPF is a complex consisting of a catalytic subunit 
CDC2A and a regulatory subunit cyclin B [13]. The activation of 
CDC2A involves two levels. The first level is its association with 
cyclin B, whose synthesis and degradation oscillates during the cell 
cycle [14]. The second level entails the phosphorylation and de- 
phosphorylation of different sites on CDC2A itself. The phos- 
phorylation of CDC 2 A on T14 and Y15 by the Mytl and Weel 
kinases produces an inactive form of MPF called pre-MPF [15]. 
For full activation, CDC 2 A needs to be phosphorylated on T161 
by CDC-activating kinase (CAK) and dephosphorylated on T14 
and Y15 by cdc25 phosphatase [16]. However, it is not known 
whether the drugs used for blocking GVBD of oocytes produce 
their carrying-over effects of accelerating or decelerating the post- 
blocking meiotic progression (PBMP) by affecting cyclin B 
synthesis/degradation, pre-MPF formation or conversion of pre- 
MPF to MPF. 

Epidermal growth factor (EGF) receptor is a tyrosine kinase 
[17,18] and when activated, it induces the phosphorylation of 
serine/threonine residues on a number of proteins, suggesting that 
multiple serine/ threonine kinases may be activated as part of the 
EGF signaling cascade [19]. In addition, the activation of EGF 
receptor has been found leading to a rapid resumption of meiosis 
[20,21]. However, although this suggests that an EGF-like 
stimulation is involved in the activation of CDC2A, direct 
evidences are limited on the role of the EGF signaling cascade 



in activating CDC2A of the oocyte. Furthermore, we do not know 
whether the EGF receptor is activated during GVBD inhibition 
and whether its activation would lead to CDC 2 A activation and 
thence the carrying-over effect after GVBD inhibition. 

In summary, although efforts have been made to improve the 
quality of in vitro matured oocytes by blocking GVBD and 
allowing more time for ooplasmic maturation, little has been 
achieved in this area due to a lack of full understanding of the 
molecular events during GVBD blocking. Procedures aimed at 
regulating gene expression of GV oocytes will also benefit from 
knowledge on the molecular events during GVBD blocking, 
because such procedures often involve oocyte culture with meiosis 
arrested. Furthermore, although a carrying-over effect on meiotic 
progression has been observed following GVBD blocking, the 
underlying mechanisms are unknown. The objective of this study 
was to investigate the species differences and the signaling events 
leading to the carrying-over effect. Emphasis was placed on the 
cyclin B dynamics, the pre-MPF to MPF conversion and the EGF 
signaling activity during the blocking culture. 

Results 

Blocking GVBD with Roscovitine decelerated PBMP of 
mouse oocytes but accelerated that of pig oocytes 

Mouse and pig oocytes were blocked in blocking medium before 
post-blocking culture with basic culture medium. Oocytes were 
examined for GVBD at different times of the post-blocking 
culture. Whereas the non-blocked mouse oocytes completed 
GVBD within 1.5 h, mouse oocytes blocked for 12, 24 and 36 h 
did not complete GVBD until 4.5, 2.5 and 2 h of post-blocking 
culture, respectively (Fig. 1). Whereas the non-blocked pig oocytes 
completed GVBD at 30 h, pig oocytes blocked for 12, 24 and 48 h 
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Figure 2. Nuclear progression of pig oocytes following GVBD blocking for different times with roscovitine. Each treatment was 
repeated 4-5 times and each replicate contained 15-20 oocytes. CX: Oocytes were blocked for 24 h with roscovitine plus CHX to inhibit protein 
synthesis, a-f: Values without a common letter in their bars differ (P<0.05). 
doi:10.1371/journal.pone.0103838.g002 



completed GVBD at 24, 12 and 6 h of post-blocking culture, 
respectively (Fig. 2). 

Western blot analysis of cyclin B, total CDC2A, inactive 
and active P-CDC2A following blocking culture of mouse 
and pig oocytes 

Mouse and pig oocytes were blocked in respective blocking 
medium, and at different times of the blocking culture, Western 
analysis was conducted for cyclin B, total CDC2A, inactive and 
active p-CDC2A. During blocking culture of mouse oocytes, 
whereas both cyclin B and active p-CDC2A first decreased to the 
lowest level at 1 2 h, and then increased to some extent, the level of 
inactive p-CDC2A underwent a continuous decrease (Fig. 3). This 
suggested that cyclin B degraded with no or little synthesis up to 
12 h of blocking culture, but after that, its synthesis began or 
surpassed its degradation in mouse oocytes. During blocking 
culture of pig oocytes, whereas both cyclin B and active p-CDC2A 



increased continuously, the level of inactive p-CDC2A underwent 
a continuous decrease (Fig. 4). This suggested that in pig oocytes, 
cyclin B was synthesized continuously with no or little degradation 
during blocking culture. The level of total GDC2A did not change 
during the whole period of blocking culture of either mouse or pig 
oocytes. 

Inhibiting protein synthesis during blocking culture 
decelerated PBMP by down regulating cyclin B 
expression 

When mouse oocytes that had been blocked with roscovitine for 
12 h were further treated for 12 h with roscovitine plus CHX to 
inhibit protein synthesis, time for GVBD completion was 
dramatically postponed to 6 h of post blocking culture (Fig. 1), 
and levels of cyclin B, inactive and active p-CDC2A all decreased 
to the lowest level (Fig. 3). When pig oocytes were blocked for 24 h 
with roscovitine plus CHX, time for GVBD completion was 
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Figure 3. Western blot analysis for levels of Cyclin B, total CDC2A, inactive and active p-CDC2A in mouse oocytes following GVBD 
blocking for different times with roscovitine. CX: Oocytes that had been blocked with roscovitine for 12 h were further treated for 12 h with 
roscovitine plus CHX to inhibit protein synthesis, a-d: Values without a common letter in their bars differ (P<0.05). 
doi:10.1371/journal.pone.0103838.g003 



dramatically postponed to 15 h of post blocking culture (Fig. 2), 
and levels of cyclin B, inactive and active p-CDC2A all decreased 
significantly, compared to those in oocytes blocked for 24 h 
without CHX (Fig. 4). CHX in blocking medium showed no effect 
on the level of total CDC 2 A in either mouse (Fig. 3) or pig oocytes 
(data not shown). 

Analysis on the dynamics of the MPF components during 
blocking culture and its correlation with PBMP 

Taken together, the above results suggested the following. 
Firstly, blocking GVBD with roscovitine decelerated or acceler- 
ated PBMP by down or up regulating the level of cyclin B, 
respectively. Thus, GVBD completion was most postponed after 
mouse oocytes were blocked for 12 h in roscovitine (Fig. 1) when 
cyclin B decreased to the lowest level (Fig. 3); GVBD blocking 
with roscovitine accelerated PBMP of pig oocytes (Fig. 2) with 
increasing levels of cyclin B (Fig. 4); and treatment with CHX 
inhibited cyclin B synthesis while postponing PBMP dramatically 
in both species. Secondly, the negative correlation between 
inactive and active CDC2A suggested an active conversion of 
pre-MPF to MPF during the blocking culture. Thus, whereas 
inactive CDC2A decreased, the active CDC2A increased contin- 
uously up to 48 h of blocking culture of pig oocytes (Fig. 4). A 
similar negative correlation was also observed in mouse oocytes 
from 12 h to 24 h of blocking culture (Fig. 3). Furthermore, the 
dramatic decrease in inactive CDC 2 A along with the same extent 
of increase in active CDC 2 A at 48 h of blocking culture suggested 
a burst of pre-MPF to MPF conversion when oocytes began 



GVBD, because some 60% of the pig oocytes underwent GVBD 
by this time (Fig. 2). 

Treatment with Sodium Vanadate decelerated PBMP of 
Both Mouse and pig oocytes 

To confirm the pre-MPF to MPF conversion during blocking 
culture, pig and mouse oocytes were blocked for 24 h with 
roscovitine and different concentrations of sodium vanadate to 
inhibit the pre-MPF to MPF conversion. At the end of blocking 
culture, oocytes were cultured with basic culture medium and were 
examined for GVBD at different times of the post-blocking 
culture. Treatment of pig oocytes with sodium vanadate counter- 
acted the roscovitine-induced acceleration of PBMP in a 
concentration-dependent manner. For example, when 250 uM 
of sodium vanadate was used, the post-blocking GVBD comple- 
tion was postponed from 12 h to 30 h (Fig. 5), a tempo similar to 
that observed in oocytes cultured without blocking culture (Fig. 2). 
Treatment with sodium vanadate also decelerated PBMP of mouse 
oocytes (Fig. 6). 

Epidermal growth factor in blocking medium accelerated 
PBMP of both pig and mouse oocytes by promoting the 
pre-MPF to MPF conversion 

The aim of this experiment was to study the role of EGF 
receptor activation during blocking culture in regulating PBMP. 
Because the blocking medium used contained EGF, some of the 
pig and mouse oocytes were blocked with EGF removed in this 
experiment. Results showed that whereas GVBD was completed 
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Figure 4. Western blot analysis for levels of Cyclin B, inactive and active p-CDC2A in pig oocytes following GVBD blocking for 
different times with roscovitine. CX: Oocytes were blocked for 24 h with roscovitine plus CHX to inhibit protein synthesis, a-d: Values without a 
common letter in their bars differ (P <0.05). 
doi:10.1371/journal.pone.0103838.g004 



at 12 h and 4.5 h of post-blocking culture respectively in pig and 
mouse oocytes that had been blocked with EGF supplementation, 
GVBD completion was postponed to 18 h and 6 h of post- 
blocking culture respectively after pig and mouse oocytes were 
blocked without EGF (Fig. 7). Western analysis showed that EGF 
in blocking medium had no effect on the level of cyclin B, but its 
withdrawal decreased the level of active CDC 2 A while increasing 
that of inactive CDC2A (Fig. 8). This suggested that EGF in the 
blocking medium accelerated PBMP by promoting the pre-MPF 
to MPF conversion in both pig and mouse oocytes. 

Discussion 

In the present study, a significant species difference in the 
carrying-over effect of GVBD blocking with roscovitine on PBMP 
was observed between mouse and pig oocytes. To study the 
mechanisms for this species difference, we observed the dynamics 
of cyclin B, the pre-MPF to MPF conversion and the activity of the 
EGF signaling cascade during the blocking culture. Results 
showed that whereas the level of cyclin B decreased significantly 
up to 12 h of the blocking culture in mouse oocytes, cyclin B 
accumulated continuously in pig oocytes during the whole period 
of blocking culture. Because no species difference was observed in 



either the pre-MPF to MPF conversion or the EGF signaling 
activity, it was concluded that the difference in the carrying-over 
effect between pig and mouse oocytes was caused mainly by the 
species difference in cyclin B dynamics during blocking culture 
with roscovitine. 

Previous studies also indicated that levels of cyclin B mRNA 
were up regulated and its polyadenylation was increased in 
porcine oocytes in the presence of roscovitine [23]. Furthermore, 
protein synthesis and mRNA storage were observed in cattie 
oocytes maintained under meiotic block by roscovitine inhibition 
of MPF activity [22] . Then, how was the cyclin B dynamics in 
mouse oocytes affected by roscovitine? It could have been caused 
by a higher sensitivity of mouse oocytes to roscovitine compared to 
oocytes from other species. However, in mouse oocytes with 
GVBD inhibited with eCG, Han et al. [12] also observed no cyclin 
B synthesis, but cyclin B degradation. This suggested that in 
addition to roscovitine, other drugs that maintain meiotic arrest 
would affect cyclin B synthesis of mouse oocytes as well. Thus, why 
mouse oocytes are so sensitive to GVBD-inhibiting drugs will be 
an interesting topic for future research. 

The present results demonstrated an active conversion of pre- 
MPF to MPF during the blocking culture with roscovitine. Thus, 
whereas inactive CDC2A decreased, the active CDC2A increased 
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Figure 5. Nuclear progression of pig oocytes after GVBD blocking for 24 h with roscovitine in the presence of sodium vanadate at 
different concentrations. Each treatment was repeated 4-5 times and each replicate contained 15-20 oocytes, a-c: Values without a common 
letter in their bars differ (P<0.05). 
doi:1 0.1 371 /journal.pone.01 03838.g005 



continuously up to 48 h of blocking culture of pig oocytes. A 
similar negative correlation between active and inactive CDC2A 
was also observed in mouse oocytes from 12 h to 24 h of the 
blocking culture. Treatment with sodium vanadate, a well-known 
inhibitor blocking the pre-MPF to MPF conversion [24], 
decelerated PBMP significandy in both mouse and pig oocytes. 
Furthermore, EGF in the blocking medium was found to 
accelerate PBMP in both species by promoting the pre-MPF to 
MPF conversion. A conversion of inactive pre-MPF to active MPF 
has been reported in aging porcine oocytes [24] . It is controlled by 
a complex cascade of phosphorylation and de-phosphorylation 
events. For instance, the phosphorylation of CDG2A on T14 and 



Y15 by the Mytl and Weel kinases produces pre-MPF [15], and 
for full activation, CDC 2 A needs to be phosphorylated on T161 
by CAK and dephosphorylated on T14 and Y15 by cdc25 
phosphatase [16]. Roscovitine specifically interferes with MPF 
activity by blocking the ATP binding pocket of CDC2A [25] 
where T14 and Y15 residues are localized [26]. Therefore, 
roscovitine may prevent pre-MPF formation by affecting the 
phosphorylation of CDC2A on T14 and Y15, but it will not affect 
the pre-MPF to MPF conversion because it does not interfere with 
dephosphorylation of CDC2A on T14 and Y15. In fact, more 
inactive CDC2A was found in immature prepubertal goat oocytes 
than in roscovitine-treated and IVM oocytes, and the MPF activity 
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was higher in oocytes exposed to roscovitine for 24 h than oocytes 
at collection time [27]. 

The present results indicated that active CDC2A accumulated 
continuously during blocking culture of pig oocytes. In addition, a 
dramatic decrease in inactive CDC 2 A along with the same extent 
of increase in active CDC2A were observed in pig oocytes at 48 h 
of blocking culture. Although this may suggest a burst of pre-MPF 
to MPF conversion when oocytes began GVBD (because some 
60% of the oocytes underwent GVBD by this time), it may also 
suggest the possibility for a direct phosphorylation of CDC2A on 
T161 to activate MPF because an increase in cyclin B was also 
observed by this time. Although it has been reported that CAK 
exhibits a stronger affinity for cyclin-associated CDC2s than for 
monomeric CDC2s [28], a "monomeric" CAK activity has been 
detected in human cells [29] . If such an enzyme were expressed, 
monomeric CDC2A would be phosphorylated on T161 in the 
cytoplasm prior to its association with newly synthesized cyclin B 
and prior to its inactivation by the membrane-associated Mytl 
kinase. The activation of free CDC2A already phosphorylated on 
T161 dependent on cyclin B and could contribute to the 
generation of the MPF kinase activity threshold required to 
initiate MPF amplification [30]. Cyclin B could induce the 
phosphorylation of CDC2A on T161, stabilize the low level 
phosphorylation of CDC 2 A and drive the equilibrium to the 
phosphorylated form [31]. In marine nemertean worm egg, active 
MPF, which has phosphorylated T161 and non-phosphorylated 
Y15 on CDC2A, was at low levels in immature eggs and at high 
levels in mature eggs, and inactive MPF (high p-Y15, low p-T161) 
was high in immature eggs and low in mature eggs [32]. T161 
phosphorylation of CDC2A was very low until 12 h and increased 
at 18 h. This increase of T161 phosphorylation corresponded well 
with the start of GVBD. Furthermore, CDK7 over expression 
accelerated meiotic resumption of porcine oocytes by acceleration 
of MPF activation through T161 phosphorylation of CDC2A [33]. 
However, although the above literature suggested that the 
phosphorylation of T161 in CDC 2 A was not affected by the 
presence of roscovitine, the possibility could not be excluded that 
roscovitine did not totally block CDC 2 A phosphorylation while 
keeping the active MPF under the threshold level for GVBD 
through unknown mechanisms. 

This study showed that EGF in the blocking medium 
accelerated PBMP of both pig and mouse oocytes. Our western 
analysis indicated that EGF accelerated PBMP not by increasing 
cyclin B but by promoting the pre-MPF to MPF conversion. 
Although several studies observed that EGF accelerated oocyte 
meiotic progression in the process of normal IVM [34-36], studies 
are few on its effect on PBMP following GVBD blocking. 
Roscovitine was able to inhibit MPF activities at a lesser extent 
when bovine [22] and horse [37] oocytes were cultured in the 
presence of EGF. Tsuji et al. [38] demonstrated that NPPC/ 
NPR2 signaling was essential for oocyte meiotic arrest and the 
activated EGFR signaling reduced NPPC inhibition of meiotic 
resumption by the down regulation of NPPC mRNA, which 
subsequently depleted oocyte cGMP provided from cumulus cells, 
thereby allowing oocyte meiosis to resume through lowered cAMP 
levels. Wang et al. [39] reported that EGF receptor signaling 
induced meiotic resumption by elevating calcium concentrations 
of cumulus cells to decrease NPR2 guanylyl cyclase activity and 
cGMP levels. We thus propose that during the blocking culture 
with roscovitine, the addition of EGF may promote the pre-MPF 
to MPF conversion of oocytes by reducing the PKA activity 
through decreasing cAMP levels. 

In conclusion, we have studied the species difference and the 
signaling events leading to the carrying-over effect of GVBD 



blocking on PBMP. Results indicated that (a) a significant species 
difference in PBMP was observed between mouse and pig oocytes 
following GVBD blocking with roscovitine; (b) the EGF signaling 
cascade was active during GVBD blocking with roscovitine, which 
accelerated PBMP by promoting the pre-MPF to MPF conversion; 
(c) no species difference was observed in either the pre-MPF to 
MPF conversion or the EGF signaling activity during the blocking 
culture. It was thus concluded that the significant difference in 
PBMP observed between mouse and pig oocytes was caused 
mainly by the species difference in cyclin B dynamics during the 
blocking culture. Data obtained on the molecular events during 
GVBD blocking are important not only for efforts to improve the 
quality of IVM oocytes by blocking GVBD and allowing more 
time for ooplasmic maturation but also for procedures aimed at 
regulating gene expression in maturing oocytes prior to GVBD. 

Materials and Methods 

Ethics Statement 

Mouse care and use were conducted exactiy in accordance with 
the guidelines and approved by the Animal Research Committee 
of the Shandong Agricultural University, P. R. China (Permit 
number: 20010510). According to the guidelines of the committee, 
the animal handling staff (including each post-doc, doctoral or 
masters student) must be trained before using animals. Mice must 
be housed in a temperature-controlled room with proper darkness- 
light cycles, fed with a regular diet, and maintained under the care 
of the Experimental Animal Center, Shandong Agricultural 
University College of Animal Science and Vet Medicine. In the 
present study, mice were sacrificed by cervical dislocation. The 
only procedure performed on the dead animals was the collection 
of oocytes from the ovaries. 

All chemicals and reagents were purchased from Sigma 
Chemical Company (St. Louis, MO, USA) unless otherwise 
specified. 

Animals and oocyte recovery 

Mice of the Kunming breed were kept in a room with 14/ 10- 
hour light-dark cycles, with the dark cycle starting at 8 P.M. 
Female mice, 8 to 10 weeks after birth, were killed 48 h after 
injection with equine chorionic gonadotropin (eCG, 10 IU/ 
mouse) and the large follicles on the ovary were punctured in M2 
medium to release cumulus-oocyte- complexes (COCs). Only 
COCs with more than three layers of unexpanded cumulus cells 
and containing oocytes of >75 urn in diameter and with a 
homogenous cytoplasm were selected for use. 

Porcine ovaries were collected at the Feicheng slaughterhouse of 
Yinbao Food Corporation Ltd. (Tai-an city, China) and delivered 
to the laboratory within 3 h after slaughtering in a thermos bottle 
with sterile saline maintained at 37°C. The COCs were recovered 
by aspirating the healthy follicles of 3-6 mm in diameter using a 
syringe. Oocytes recovered were washed four times in Dulbecco's 
phosphate-buffered saline (D-PBS) and only COCs with uniform 
ooplasm and compact cumulus were chosen for further treatment. 

In vitro culture of oocytes 

Culture media and preparation. The basic medium was 
TCM-199 (Gibco, Grand Island, New York, USA) supplemented 
with 0.91 mil sodium pyruvate, 1.0 g/1 PVA, 3.05 mM D- 
glucose, 75 |J,g/ ml penicillin G, 50 ug/ ml streptomycin, 0.05 IU/ 
ml FSH and 10 ng/ml EGF. The blocking medium used for 
GVBD inhibition was made of the basic medium supplemented 
with 100- and 25-|0.M roscovitine for mouse and pig oocytes, 
respectively. To study the effect of EGF, EGF (10 ng/ml) was 
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removed from the blocking medium. Depending on experimental 
design, 5 Mg/ml cycloheximide (CHX) or different concentrations 
of sodium vanadate were added to the blocking medium. To make 
stock solutions, CHX (1 mg/ml), sodium vanadate (100 mM), and 
EGF (100 Mg/ml) were dissolved in water, while roscovitine 
(20 mM) was dissolved in dimethyl sulfoxide (DMSO). All of the 
stock solutions were stored frozen in aliquots at — 20°C and diluted 
to the desired concentrations before use. 

Blocking culture. Both mouse and pig COCs were cultured 
in drops of 100-ul blocking medium, covered with mineral oil, 
under 5% CO2 in humidified air. Whereas mouse oocytes were 
blocked at 37°C with each drop containing 20-25 COCs, pig 
oocytes were cultured at 38.5°C with each drop containing 15-20 
COCs. 

Post-blocking culture. After blocking culture, oocytes were 
washed three times in M2 (mouse oocytes) or D-PBS (pig oocytes) 
medium and cultured in the basic medium for different times to 
examine the meiotic progression. 

Observation for meiotic progression 

At the end of post-blocking culture, COCs were freed of 
cumulus cells mechanically by pipetting with a thin pipette. 
Whereas the mouse cumulus-denuded oocytes were examined 
under a phase contrast microscope for the status of GV, the pig 
cumulus-denuded oocytes were examined under a fluorescence 
microscope following staining with 10-u.g/ml Hoechst 33342. 

Western blot analysis 

One hundred and fifty cumulus-free oocytes were placed in a 

I. 5 ml microfuge tube containing 20-ul sample buffer (20 mM 
Hepes, 100 mM KC1, 5 MgCl 2 , 2 mM DTT, 0.3 mM PMSF, 
3 (ig/ml leupetin, PH 7.5) and frozen at -80°C until use. NaF 
(10 mM) was added to the sample buffer when p-CDC2A was 
assayed. For protein extraction, 5 |xl of 5 x SDS-PAGE loading 
buffer was added to each tube and the tubes were heated at 100°C 
for 5 min. The total proteins were separated on a 12% 
polyacrylamide gel by SDS-PAGE and transferred electrophoret- 
ically onto PVDF membranes. The membranes were washed twice 

References 

1. Sirard MA, Blondin P (1996) Oocyte maturation and IVF in cattle. Anim 
Reprod Sci 42: 417-426. 

2. Trounson A, Andcricsz C, Jones GM, Kausche A, Lolatgis N, ct al. (1998) 
Oocyte maturation. Hum Reprod 13 Suppl 3: 52-62. 

3. Sirard MA, Dcsrosier S, Assidi M (2007) In vivo and in vitro effects of FSH on 
oocyte maturation and developmental competence. Thcriogcnology 68 Suppl 1 : 
S71-S76. 

4. Gosden R, Krapcz J, Briggs D (1997) Growth and development of the 
mammalian oocyte. Bioessays 19: 875—882. 

5. Hyttel P, Fair T, Callesen H, Greve T (1997) Oocyte growth, capacitation and 
final maturation in cattle. Thcriogcnology 47: 23-32. 

6. Lonergan P, Khatir H, Carolan C, Mermillod P (1997) Bovine blastocyst 
production in vitro after inhibition of oocyte meiotic resumption for 24 h. 
J Reprod Fcrtil 109: 355-365. 

7. Sirard MA, Richard F, Mayes M (1998) Controlling meiotic resumption in 
bovine oocytes: a review. Thcriogcnology 49: 483-497. 

8. Lc Bcux G, Richard FJ, Sirard MA (2003) Effect of cycloheximide, 6-DMAP, 
roscovitine and butyrolactone I on resumption of meiosis in porcine oocytes. 
Thcriogenology 60: 1049-1058. 

9. Ponderato N, Lagutina I, Crotti G, Turini P, Galli C, et al. (2001) Bovine 
oocytes treated prior to in vitro maturation with a combination of butyrolactone 
I and roscovitine at low doses maintain a normal developmental capacity. Mol 
Reprod Dev 60: 579-585. 

10. Marchal R, Tomanck M, Tcrqui M, Mermillod P (2001) Effects of cell cycle 
dependent kinase inhibitor on nuclear and cytoplasmic maturation of porcine 
oocytes. Mol Reprod Dev 60: 65-73. 

II. Adona PR, Pircs PR, Quctglas MD, Schwarz KR, Leal CL (2008) Nuclear 
maturation kinetics and in vitro embryo development of cattle oocytes 
prcmatured with butyrolactone I combined or not combined with roscovitine. 
Anim Reprod Sci 104: 389-397. 



in TBST (150-mM NaCl, 2-mM KC1, 25-mM Tris, 0.05% 
Tween-20, pH 7.4) and blocked with TBST containing 3% BSA 
at room temperature for 30 min. The membranes were then 
incubated at 4°C overnight with primary antibodies at a dilution 
of 1:1000 in 3% BSA -TBST. After being washed three times in 
TBST (5 min each), the membranes were incubated for 1 h at 
37°C with second antibodies diluted to 1:1000 in 3% BSA -TBST. 
After three washings in TBST, the membranes were detected by a 
BCIP/NBT alkaline phosphatase color development kit (Beyotime 
Institute of Biotechnology, China). The relative quantities of 
proteins were determined with an Image-Pro Plus software by 
analyzing the sum density of each protein band image. The 
quantity values of freshly collected GV oocytes were arbitrarily set 
as 100% and the other values were expressed relative to this 
activity. (3-actin was assayed for internal controls. 

The primary antibodies used included mouse anti-cyclin B 
(Santa Cruz, sc-245), rabbit anti-phospho-Cdc2 (Thrl4/Tyrl5) 
(Santa Cruz, sc-12340-R), rabbit anti-phospho-Cdc2 (Thrl61) 
(Santa Cruz, sc-12341), rabbit anti-Cdc2 (Santa Cruz, sc-53), and 
mouse anti-|3-actin (CWBIO, cw0096). The secondary antibodies 
included horse anti-mouse IgG AP conjugated (ZSGB-Biotech- 
nology, ZB-2310) and goat anti-rabbit IgG AP conjugated 
(CWBIO, cwO 111). 

Data analysis 

There were at least three replicates for each treatment. 
Percentage data were arc-sine transformed and analyzed with 
ANOVA; a Duncan multiple comparison test was used to locate 
differences. The soft ware used was SPSS (Statistics Package for 
Social Science). Data were expressed as mean ± SE and P<0.05 
was considered significant. 

Author Contributions 

Conceived and designed the experiments: JHT. Performed the experi- 
ments: GZJ HYL YG MJS SG LLZ CXZ. Analyzed the data: GZJ HYL. 
Contributed to the writing of the manuscript: JHT. 



12. Han D, Liu XY, Jiao GZ, Liang B, He N et al. (2012) Cyclin Bl turnover and 
the mechanism causing insensitivity of fully grown mouse oocytes to 
cycloheximide inhibition of meiotic resumption. Thcriogcnology 77: 1900-1910. 

13. Nurse P (1990) Universal control mechanism regulating onset of M-phase. 
Nature 344(6266): 503-508. 

14. Solomon MJ, Glotzcr M, Lee TH, Philippe M, Kirschncr MW (1990) Cyclin 
activation of p.34cdc2. Cell 63: 1013-1024. 

15. OhJS, Han SJ, Conti M (2010) WeelB, Mytl, and Cdc25 function in distinct 
compartments of the mouse oocyte to control meiotic resumption. J Cell Biol 
188: 199-207. 

16. Coleman TR, Dunphy WG (1994) Cdc2 regulatory factors. Curr Opin Cell Biol 
6: 877-882. 

1 7. Cohen S (1 983) The receptor for epidermal growth factor functions as a tyrosyl- 
specific kinase. Prog Nucleic Acid Res Mol Biol 29: 245-247. 

18. Carpenter G (1985) Epidermal growth factor: biology and receptor metabolism. 
J Cell Sci Suppl 3: 1-9. 

19. Witters LA (1990) Protein phosphorylation and dephosphorylation. Curr Opin 
Cell Biol 2: 212-220. 

20. Ding J, Foxcroft GR (1994) Epidermal growth factor enhances oocyte 
maturation in pigs. Mol Reprod Dev 39: 30-40. 

21. Levcsque JT, Sirard MA (1995) Effects of different kinases and phosphatases on 
nuclear and cytoplasmic maturation of bovine oocytes. Mol Reprod Dev 42: 
114-121. 

22. Vigncron C, Pcrrcau C, Dalbics-Tran R, Joly C, Humblot P, ct al. (2004) 
Protein synthesis and mRNA storage in catdc oocytes maintained under meiotic 
block by roscovitine inhibition of MPF activity. Mol Reprod Dev 69: 457-465. 

23. Zhang DX, Park WJ, Sun SC, Xu YN, Li YH, ct al. (2011) Regulation of 
maternal gene expression bv MEK/MAPK and MPF signaling in porcine 
oocytes during in vitro meiotic maturation. J Reprod Dev 57: 49-56. 



PLOS ONE | www.plosone.org 



9 



July 2014 | Volume 9 | Issue 7 | e103838 



Carrying-Over Effects of GVBD Blocking 



24. Kikuchi K, Naito K, Noguchi J, Shimada A, Kaneko H, et al. (2000) 
Maturation/ M- phase promoting factor: a regulator of aging in porcine oocytes. 
Biol Reprod 63: 715-722. 

25. De Avezedo WF, Leclerc S, Meijer L, Havlicek L, Strnad M, et al. (1997) 
Inhibition of cyclin-dcpcndent protein kinases by purine analogues: crystal 
structure of human cdk2 complcxed with roscovitinc. Eur J Biochem 243: 518- 
526. 

26. De Bondt HL, Rosenblatt J, Jancarik J, Jones HD, Morgan DO, et al. (1993) 
Crystal structure of cyclin-dcpcndent kinase. Nature 363(6430): 595-602. 

27. Jimencz-Maccdo AR, Izquierdo D, Urdancta A, Anguita B, Paramio MX (2006) 
Effect of roscovitinc on nuclear maturation, MPE and MAP kinase activity and 
embryo development of prepubertal goat oocytes. Thcriogenology 65: 1769- 
1782.' 

28. Kaldis P, Russo AA, Ghou HS, Pavletich NP, Solomon MJ (1998) Human and 
yeast edk-activating kinases (GAKs) display distinct substrate specificities. Mol 
Biol Cell 9: 2545-2560. 

29. Nagahara H, Ezhevsky SA, Vocero-Akbani AM, Kaldis P, Solomon MJ, et al. 
(1999) Transforming growth factor beta targeted inactivation of cyclin E: cyclin- 
dcpcndent kinase 2 (Cdk2) complexes by inhibition of Cdk2 activating kinase 
activity. Proc Natl Acad Sci 96: 14961-14966. 

30. Dc Smedt V, Poulhe R, Cayla X, Dcssaugc F, Karaiskou A, ct al. (2002) Thr- 
161 phosphorylation of monomcric Cdc2: Regulation by protein phosphatase 
2C in Xenopus oocytes. J Biol Chem 277: 28592-28600. 

31. Solomon MJ, Lee T, Kirschner MW (1992) Role of phosphorylation in p34cdc2 
activation: identification of an activating kinase. Mol Biol Cell 3: 13—27. 

32. Strieker SA, EsealonaJR, Abernathy S, Marquardt A (2010) Pharmacological 
analyses of protein kinases regulating egg maturation in marine nemcrtcan 



worms: a review andcomparison with Mammalian eggs. Mar Drugs 8: 2417- 
2434. 

33. Eujii W, Nishimura T, Kano K, Sugiura K, Naito K (201 1) CDK7 and CCNH 
are components of CDK- activating kinase and are required for meiotic 
progression of pig oocytes. Biol Reprod 85: 1124-1132. 

34. Sakaguchi M, Dominko T, Leibfried-Rutledge ML, Nagai T, First NL (2000) A 
combination of EGF and IGF-I accelerates the progression of mciosis in bovine 
follicular oocytes and fetal calf serum neutralizes the acceleration effect. 
Thcriogenology 54: 1327-1342. 

35. Sakaguchi M, Dominko T, Yamauchi N, Leibfried-Rutledge ML, Nagai T, et al. 
(2002) Possible mechanism for acceleration of meiotic progression of bovine 
follicular oocytes by growth factors in vitro. Reproduction 123: 135-142. 

36. Chen X, Zhou B, Yan J, Xu B, Tai P, ct al. (2008) Epidermal growth factor 
receptor activation by protein kinase C is necessary for FSH-induccd meiotic 
resumption in porcine cumulus-oocytc complexes. J Endocrinol 197: 409—419. 

37. Langc Consiglio A, Arrighi S, Cremoncsi F (2010) Time course of in vitro 
maturation of compact cumulus horse oocytes after roscovitine-induccd meiotic 
inhibition: effects on the coordination between nuclear and cytoplasmic 
maturation. Reprod Domest Anim 45: 313-322. 

38. Tsuji T, Kiyosu C, Akiyama K, Kunieda T (2012) CNP/NPR2 signaling 
maintains oocyte meiotic arrest in early antral follicles and is suppressed by 
EGFR-mcdiated signal in in preovulatory follicles. Mol Reprod Dev 79: 795- 
802. 

39. Wang Y, Kong N, Li N, Hao X, Wei K, et al. (2013) Epidermal growth factor 
receptor signaling-dependent calcium elevation in cumulus cells is required for 
NPR2 inhibition and meiotic resumption in mouse oocytes. Endocrinology 154: 
3401-3409. 



PLOS ONE | www.plosone.org 



10 



July 2014 | Volume 9 | Issue 7 | e103838 



